Assessing the mobility of the first metatarsophalangeal joint (MTPJ) of a human foot is useful in clinical practice, but there are no standard methods of measurement. The present study developed a new instrumentation using Fiber Bragg grating (FBG) sensor and load cell to quantify the first MTPJ quasi-stiffness in a clinical setting. This system is portable, lightweight, and allows quantification of quasi-stiffness over different ranges of motion in both loading and unloading directions. The laboratory setting validation results showed that FBG sensors could measure MTPJ angular displacement with reasonably good accuracy. The proposed system was successfully trialed in a hospital setting operated by a clinician on eight human subjects. Non-linear torque-angular displacement relationship was observed in both loading and unloading phases, with varying MTPJ quasi-stiffness in the early [loading 6.30 (2.62) Nmm/ • unloading 8.46 (2.29) Nmm/ • ], middle [loading 7.13 (2.17) Nmm/ • , unloading 11.11 (2.94) Nmm/ • ], and late [loading 24.54 (7.14) Nmm/ • , unloading 14.50 (4.77) Nmm/ • ] ranges of motion. The new method for measuring the first MTPJ quasi-stiffness established in the present study serves as a reference and opens up opportunities for future clinical investigations. Index Terms-Optical fiber, foot, first toe, metatarsal, phalange, range of motion.
I. INTRODUCTION
T HE human foot typically comprises 26 bones and 33 joints supported by many muscles, tendons and ligaments. In clinical practice, measuring the mobility of the first metatarsophalangeal joint (MTPJ) is useful for assessing hallux valgus surgery outcomes [1] , screening of diabetic foot ulceration risks [2] , and monitoring plantar fasciitis conditions [3] . However, standard methods for measuring first MTPJ mobility do not exist at present. Common practices adopted by clinicians include subjectively "feeling" how easily the MTPJ moves though its range of motion, visually estimating or measuring MTJP range of motion using goniometric devices [1] , [3] , [4] . Unfortunately, these traditional methods are not sufficiently reliable regardless of the experience of the testers [5] and clinicians have yet to come to a consensus on how foot joint mobility should be assessed.
To overcome the problems with subjectivity associated with clinical examination, new instrumentation to quantify MTPJ stiffness have been proposed in recent years. Rao et al. [6] constructed a jig to measure the applied torque and resulting first MTPJ angular excursion to reflect the flexibility of the joint with the subjects in a standing position. Similarly, Man et al. [7] developed a mechanical device to measure the MTPJ stiffness in sitting and standing positions using a dynamometer to control the speed over 40 • range of toe dorsiflexion. Since these earlier devices are bulky and impractical for clinical practice, Farhadi et al. [8] proposed an enhanced design of a light-weight, portable measuring unit that can be strapped onto the subject's foot to measure MTPJ stiffness. One method that most closely represents the clinical examination practice is the approach by Heng et al. [9] who used video analysis together and a sleeve embedded with pressure sensor on the clinician's thumb. This method does not require any device attached to the subject and allows the quantification of MTPJ quasi-stiffness in a non-weight-bearing position on an examination table as in a regular clinical examination routine. There is, however, room for improvement in the accuracy of the force measurement and synchronisation of force and angular displacement data.
The four methods described above used torque and angular displacement measurements to calculate the linear slope of the graph (torque-angle, or angle-torque) to indicate joint quasistiffness or flexibility. It is interesting to note that each of the four studies used a different method to calculate the slope of the graph. Fahadi et al. [8] used regression analysis to find the best fit line for all torque-angle data points. Man et al. [7] divided the maximum toque by the full range of 40 • to represent passive MTPJ stiffness. Rao et al. [6] calculated the slopes only during the early (first 25%) and late (last 25%) phases but not the middle portion. In contrast, Heng et al. [9] excluded data near the end points and used only the middle 'working range-of-motion' to calculate the slope during the unloading phase. These inconsistencies among studies suggested the MTPJ quasi-stiffness over different ranges of motion may have different clinical implications, since the nonlinear and varying stiffness in human joints had been long recognized [10] , [11] . In the ankle joint, for example, it is useful to quantify the stiffness over the maximum, normal, and functional range of motion in both plantarflexion and dorsiflexion directions for screening of diabetic risks [11] . To our best knowledge, there is currently no clinical system that can measure MTPJ quasi-stiffness over different ranges of motion in both loading and unloading directions.
The purpose of this study was to develop new instrumentation that is practical for clinical use and can accurately measure the first MTPJ quasi-stiffness over different ranges in loading and unloading phases. The system should be portable, lightweight, and simple such that clinicians can operate the procedures easily.
II. METHODS

A. Development of the System
To measure quasi-stiffness, MTPJ angular displacement and the torque applied need to be quantified. We propose a system to simultaneously measure MTPJ range of motion using fiber Bragg grating (FBG) technology and the force applied by a clinician using a load cell (Sensorcraft Technology (S), Pte Ltd, Singapore, Fig. 1 ). The load cell weights less than 1.50 kg and has a dimension of 51 mm × 17 mm × 19 mm. It can operate under a wide temperate range from −55 to 90 • C, with 110 N maximum load capacity for tension and compression. The nonlinearity / hysteresis fall with +/ 0.05%. The center wavelength of FBG ranges from 1540 nm to 1560 nm, typically as 1550 nm. The reflectivity of FBG was more than 90%. The length of the grating was 3 cm coated with acrylate. The cable embedded with FBG nerves is unaffected by random wrinkling at the joints and allows unconstrained motion monitoring of joint displacement.
FBG is a type of distributed Bragg reflector constructed in a short segment of optical fiber that reflects particular wavelengths of light and transmits all others. This is achieved by creating a periodic variation in the refractive index of the fiber core [12] . FBG can therefore be used as an inline optical reflector to reflect specific wavelengths (central wavelength or resonant wavelength). We can track the drift of the FBG central wavelength to measure the changes of physical parameters such as temperature and strain.
The use of FBG has been proven to be an excellent tool for measuring bending and strain [13] due to its unique properties such as being lightweight, flexible, and immune to electromagnetic interference. The central wavelength of the reflected wavelength must satisfy the Bragg condition:
where n eff is the core refractive index and is the period of the index of refraction variation of FBG. Because parameters n eff and exhibit a strong strain dependency, any changes of the strain in the FBG sensor region result in changing of n eff and . The measurement of the strain can be determined by the drift of the Bragg wavelength λ ref. The FBG sensor region (producing an initial wavelength measurement λ 1 ) is coated with a polydimethylsiloxane (PDMS) membrane [14] to protect the grating from excess strain damage ( Fig. 1(a) ). The working principle of the device is illustrated in Figure 1b . The light source (Dense light, DL-BP1-1501A, with the wavelength range from 1200-1700 nm) emits light waves which enter the circulator (3 ports with SMF-28 fiber pigtails) at (a) and exit at (b) towards the FBG sensor region. The Bragg grating reflects a stable and specific wavelength of light that re-enters the circulator at (b) and exits at (c) towards the interrogator (Ibsen, I-MOM 512 USB, with a spectral resolution 0.5 pm), which deciphers the light wave and displays its wavelength and intensity on the screen. When the strain is applied to FBG, both the period of FBG and the refractive index of fiber core will change. As the strain increases, the FBG reflection peak drifts in the direction of the long wave.
To apply the system on human subjects, the subject first worn a disposable sock for hygiene reason. With the foot resting in a neutral position, the FBG sensor is attached on the disposable sock garment at the first toe and the heel regions of the foot using Velcro strips to ensure tautness ( Fig. 1(a) ). Specifically, the sensor is anchored on the plantar first proximal phalanx and plantar heel near the Achilles tendon. The clinician holds the foot stable with one hand and uses the load cell to apply a dorsi-flexion force normal to the first toe, inducing MTPJ motion. The FBG sensor experiences some strain as the angular displacement of the MTPJ increases, and this results in a shift in the wavelength of light reflected by the grating. A custom software was developed to acquire data from the load cell and FBG system simultaneously ( Fig. 3) .
B. Calibration and Validation
The calibration experiment was approved by the Nanyang Technological University Institutional Review Board (IRB-2016-11-032). To obtain calibration equations for the FBG sensors, 10 female subjects with no known foot conditions were recruited. The inclusion criteria of the subjects were: 1) aged 21 to 45 years, 2) free from any foot injury at the time of the study, 3) no injuries in the foot that resulted in a rest period of 7 days or more during the last 6 months, 4) no history of foot surgery, and 5) not have any rheumatological or connective tissue conditions. Subjects were excluded if they had gone through any surgeries to the foot, had serious foot injuries, experienced discomfort or pain of the foot at the time of the study, or self-reported any foot deformities (e.g. bunions). All subjects provided written informed consent to participate in the study.
In a laboratory setting, each eligible subject wore a new pair of disposable garment and laid in a supine position on an examination table [9] . The cable embedded with FBG sensors was attached to the testing foot. Three retro-reflective markers were adhered to the medial boarder of the foot in order to allow motion tracking of the joint movements ( Fig. 1(a) ). A threedimensional (3D) motion capture system with four infrared cameras (Vicon, Oxford, UK) was used as the gold standard to track the marker positions and to calculate the first MTJP angular displacements.
The following calibration procedures were performed on each subject. These procedures were used based on the study by Heng et al. [9] in which quasi-stiffness of subjects were measured using a tactile pressure sensing system. A tester applied a dorsiflexion force to flex the first toe at four intervals, gradually increased to maximum degree of dorsiflexion. At each interval, the first toe was kept stationary for several seconds so that stable wavelengths drift of the FBG could be recorded. This method of pausing the first toe at multiple intervals along the working range of motion closely followed that described by Heng et al. [9] for stable MTPJ angle measurements via offline video analysis. As the toe moved, MTPJ motion was concurrently recorded by the FBG device and the 3D motion capture system. Both left and right feet were tested, each with three trials collected. In each trial, there were four data points of FBG wavelength drift corresponding to the actual MTPJ angular displacements obtained from the gold standard of 3D motion analysis. By fitting a linear line to the data, the relationship between the wavelength drift and the MTPJ angular displacement can be determined. While the relationship was highly linear for each individual trial (Fig 2b) , it is necessary to determine a relationship that can be generally applied to other subjects rather than limiting to one's own data. To achieve this goal, the dataset out of three trials that produced the best fit (highest R 2 ) was selected per foot per subject. Taking the best dataset from all 10 subjects, a calibration equation was obtained (4 points × 10 subjects = 40 data points) for each foot:
where θ is the MTPJ angular displacement (in degrees) and λ is the FBG wavelength shift (in nm). With these calibration equations, future MTPJ angular displacement can be measured directly from Bragg reflection peak drift read from the FBG demodulator without the need of any 3D motion capture system. To verify the accuracy of the calibration equations, independent datasets of maximum MTPJ displacement were obtained from all 10 subjects so that the values calculated from the FBG calibration equations can be checked against those measured from 3D motion analysis. In this validation experiment, a tester dorsiflexed the subject's first toe to the maximum extent and paused for a few seconds. MTJP motion was concurrently captured by the FBG system and the 3D motion analysis system. The wavelength drift data were substituted into the calibration equation to calculate maximum MTPJ angular displacement. To evaluate the accuracy, we calculated the root mean square (RMS) error of the MTPJ angular displacement calculated from the FBG calibration equations versus the gold standard of 3D motion analysis. For each subject, nine independent trials were taken per foot and the average RMS error value was used.
C. Applications in a Clinical Setting
After successful development and validation, the FBG system was applied for clinical use in a hospital setting whereby a podiatrist operated the system to measure the first MTJP quasi-stiffness of human subjects. The clinical study was approved by the Singhealth Centralised Institutional Review Board (CIRB Ref: 2017/2559). Eight female subjects provided written informed consent to participant in the clinical study [mean (SD), age = 29.4 (7.6) yrs, mass = 59.9 (9.7) kg, height = 161.1 (4.1) cm]. All subjects were free from foot injuries, previous foot surgery, and rheumatology or connective tissue conditions.
A trained podiatrist with 9 years of clinical experience conducted all the tests in a clinical examination room of the hospital. Each subject had their left foot measured using the FBG system operated by the podiatrist. The moment arm was measured (in mm) from the tuberosity of the first metatarsal head to just beneath the tuberosity of the first distal phalange in the medial aspect of the foot [9] . The subject lied on an examination table and her tested foot was fitted with the FBG system. The podiatrist secured the testing foot in its neutral position by holding at the ankle using the non-working hand. Once the foot was stabilised, the podiatrist used the working hand to control the load cell to slowly dorsiflex the first toe to maximum range and then return to the neutral position ( Fig. 3(a) ). When handling the load cell, cation was taken to apply a normal force at the distal edge of the first phalanx to induce sagittal plane motion and prevent any unwanted abduction/addition movements. Previous work have indicated that the experience of the tester can influence the reliability of MTPJ quasi-stiffness measurements due to the difficulty in controlling the foot position and manipulating fine joint movements [9] . Thus, we engaged an experienced podiatrist across all clinical testings to ensure good consistency and fine manipulation of the foot joints.
The procedures were repeated three times on the foot. The FBG wavelength shift and the force applied by the podiatrist via the load cell were continuously recorded during both loading and unloading phases ( Fig. 2(a) ). With the torque (force × moment arm) and MTPJ angular displacement data, the quasi-stiffness (in Nmm/ • ) can be calculated from the torque-angle graph (Fig. 3(b) ). As expected in passive joint stiffness response, the torque versus angular displacement plots were non-linear [9, 11] . Over the middle 'working rangeof-motion', the quasi-stiffness was rather linear [9] . As the range of motion approaches the end range, the quasi-stiffness becomes stiffer (steeper gradient). There are also clear differences in the response between the loading and unloading phases, as previously reported in the ankle joint [11] . Given the nonlinear relationship between torque and MTPJ angular displacement, we calculated the slope at three different ranges (early 0-25%, middle 25-75%, late 75-100%) from zero to maximum MTPJ displacement (Figure 3(b) ). The slope of the loading and unloading phases were calculated separately, resulting in a total of six quasi-stiffness values per subject.
III. RESULTS
In the validation experiment on 10 subjects, the mean (SD) RMS error of the FBG system were 12.4 (8.9) • for right foot and 14.6 (8.0) • for left foot, respectively, when compared with gold standard of 3D motion analysis (TABLE I) .
In the clinical study, a non-linear torque-angular displacement relationship was observed in all eight subjects. The MTPJ quasi-stiffness varied substantially over the early, middle, and late ranges and also differed between the loading and unloading directions (TABLE II) . In general, the quasistiffness increased with the MTPJ range of motion, with the steepest slope occurred in the late (75-100%) loading phase.
IV. DISCUSSION
This study developed new clinical system for measuring the first MTPJ quasi-stiffness using FBG sensor coupled with a load cell. In the validation experiment, the accuracy of the FBG sensors for quantifying MTPJ angular displacement was reasonably good as compared with the gold standard of 3D motion analysis. The new system has been successfully trialed in a hospital setting, operated by a clinician to measure the first MTJP quasi-stiffness on human subjects. Using this system in a clinical setting, this study is the first to report MTPJ quasi-stiffness over different phases in both loading and unloading directions.
The FBG system developed in this study is practical for clinical use and can measure the first MTPJ quasi-stiffness over different ranges in the loading and unloading phases. Earlier laboratory devices for measuring MTPJ mobility tended to be heavy and large in size [6, 7] . Compared with these bulky devices which are impractical for clinical use, both the load cell and FBG embedded cable in the present study are portable, small in size, and lightweight. While Farhadi et al. [8] also proposed a portable mechanical device which is small and light, the measuring unit to be strapped onto the subject's foot -the comfort of wearing this device is unknown. In addition, the fitting of the unit requires adjustment of load cell positions by lead screws and reconfiguration of left/right foot via rotation and spring loaded joint. These procedures may be challenging for clinicians to operate without technical support. The new system proposed in our study can overcome some of these limitations as the FBG embedded cable is soft and flexible, allowing unconstrained joint motion without causing discomfort. The cable can be attached easily onto the subject's sock garment by clinicians using Velcro or tapes without mechanical parts such as screw or spring. Our new approach offers a more comfortable for the patients and more user-friendly for the clinicians than earlier methods. With simple instructions, this device can be operated by healthcare aides such as assistants and technicians to lower the operational cost of the healthcare system.In the clinical study, the first MTPJ quasi-stiffness values measured on eight female subjects ranged from 6.30 Nmm/ • to 24.65 Nmm/ • (TABLE II) . Over the middle 25 to75% range, our quasi-stiffness values (loading 7.13 Nmm/ • , unloading 11.11 Nmm/ • ) are comparable to the data (12.6 Nmm/ • to 19.9 Nmm/ • ) reported by Heng et al. [9] who measured MTPJ quasi-stiffness over the middle working-range-of-motion during the unloading phase in a non-weightbearing position. When compared with stiffness values measured under weightbearing or semi-weightbearing conditions, our data are lower than the average MTPJ passive stiffness of 29.42 Nmm/ • (sitting) and 80.28 Nmm/ • (standing) reported by Man et al. [7] . We took measurements in a non-weightbearing position to approximate clinical examination routine, similar to the procedures used by Heng et al. [9] . Other studies used different calculation methods and units of measurement to indicate MTPJ flexibility (9.8 -51.5 • /N.cm, [6] ) or stiffness (3.49 −14. 42 Nmm/kg radian, [8] ) and hence direct comparison of MTPJ quasi-stiffness values are not feasible.
In terms of the measurement accuracy, the average RMS error of the left and right sides was 13.5 • . Based on a maximum MTPJ dorsiflexion range of 110 • previously reported in the literature [4] , the error associated with the FBG system was 12.3%. This magnitude of error is similar to those of MTPJ stiffness measured using a mechanical system, with average errors of 10.7% (left foot) and 10.8% (right foot) calculated from mean and standard error of measurement values [8] . In addition to validity, the reliability of a system is also of clinical importance [9] . The next logical step will be to conduct a test-retest reliability study to check if the measurements are repeatable on separate days.
To our best knowledge, the present study is the first to measure MTPJ quasi-stiffness over different ranges of motion in both loading and unloading directions. This new analysis approach illustrated a clear non-linear relationship between torque and MTPJ angular displacement which cannot be revealed by simpler methods such as taking the maximum torque value [7] or fitting a line through data points in the entire range [8] . Calculating stiffness over selected range only is insufficient and may miss out important information. For example, Heng et al. [9] measured the first MTPJ quasi-stiffness during the middle working-range-of motion and ignored the data near the end points. Interesting, MTPJ flexibility near the end points (late 25%) can successfully differentiate individuals with low, normal, and high foot arch [6] . For a comprehensive analysis, it is therefore better to calculate the slope over different ranges of the non-linear torque-angular displacement curve in both loading and unloading phases as performed in the present study. While we did not compare the first MTPJ quasi-stiffness among different groups of patients or healthy individuals, the new method established in the present study serves as a reference and opens up opportunities for future clinical investigations. The concepts and techniques developed in the present study for measuring MTPJ quasistiffness should be applicable to other joints such as finger and ankle joints.
There are a few limitations to the present study. First, the accuracy of FBG sensors to track MTPJ motion can be further improved. Currently, the FBG system output is sensitive to the tension of the cable attached to the disposable garment. Pulling the cable too tight will break the sensor or result in unresponsiveness. Technical improvement in standardizing the cable tension is essential for more accurate measurements of MTPJ angular displacement. Second, the FBG system was calibrated, validated, and applied on individuals with normal and healthy feet. Challenges may arise when using the system on individuals with foot deformities such as hallux valgus whereby the joint alignment deviates substantially from that of normal foot. Thirdly, one end of the FBG line is anchored to the plantar heel and the other end on the plantar first phalange. The varying width of forefoot amongst individual would result in angular differences between the anchoring points. Methods to account for such differences could increase accuracy of MTPJ quasi-stiffness measure.
V. CONCLUSION
This study reported a new instrumentation using FBG sensors and load cell to quantify the first MTPJ quasi-stiffness in a clinical setting. The validation results showed that FBG sensors can measure MTPJ motion with reasonably good accuracy. The proposed system was successfully implemented in a hospital setting operated by a clinician. Non-linear torque-angular displacement relationship was observed, with varying MTPJ quasi-stiffness in the early, middle and late range-of-motion in both loading and unloading directions. These objective quasi-stiffness measurements may guide clinicians in the evaluation of foot joint mobility.
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